substrates of epoxide hydrolase are known to be epoxyeicosatrienoic acids, but the endogenous substrates of the phosphatase activity are not well understood. In this study, to explore the substrates of sEH, we investigated the inhibition of the phosphatase activity of sEH towards a 4-methylumbelliferyl phosphate by using lecithin and its hydrolyzed products. Although lecithin itself did not inhibit the phosphatase activity, the hydrolyzed lecithin significantly inhibited it, suggesting that lysophospholipid and fatty acid can inhibit it. Next, we investigated the inhibition of phosphatase activity by lysophosphatidyl choline, palmitoyl lysophosphatidic acid, monopalmytoyl glycerol and palmitic acid. Palmitoyl lysophosphatidic acid and fatty acid efficiently inhibited it, suggesting that lysophosphatidic acids (LPAs) are substrates for the phosphatase activity of sEH. As expected, palmitoyl, stearoyl, oleoyl, and arachidonoyl LPAs were efficiently dephosphorylated by sEH (Km, (3) (4) (5) (6) (7) Vmax, nmol/min/mg). These results suggest that LPAs are substrates of sEH, which may regulate physiological functions of cells via their metabolism.
Introduction
Soluble epoxide hydrolase (sEH) is a bi-functional enzyme with a C-terminus epoxide hydrolase domain and N-terminus phosphatase domain. The substrates of epoxide hydrolase are endogenous epoxyeicosatrienoic acids (EETs) generated by cytochrome P450 epoxygenases (1) . EETs have been shown to possess a variety of biological effects such as vasodilation, anti-inflammation, angiogenesis, and anti-platelet aggregation, leading to protection of the renal vasculature from injury and cardiovascular diseases (2) (3) (4) . EETs are converted by sEH to the corresponding diols, dihydroxyeicosatrienoic acids (DHETs), which are less bioactive lipids or have different effects from EETs. Therefore, the inhibition of sEH is a therapeutic target in the treatment of vascular diseases (2, 5) .
The N-terminal domain of sEH was first identified as a phosphatase by Cronin et al. (6) and Newman et al. (7) . Its phosphatase has sequence similarity to the haloacid dehalogenase (HAD) superfamily, which includes dehalogenases, phosphonatases, phosphomutases, phosphatases, and ATPases. This family possesses a conserved Rossmann fold containing four loops (loops 1-4), which make up the catalytic scaffold (8) . Loop 1 contains a highly conserved DXDX(T/V) motif, in which the initial Asp is the nucleophile to attack phosphate. Loop 2 and loop 3 have Ser / Thr and Lys / Arg, which are the binding sites of substrate phosphate, and loop 4 contains two Asp residues binding to Mg 2+ . The HAD family has three subfamilies (I-III) based on the position of the cap domain, which contribute to the recognition of substrates. The phosphatase domain of sEH belongs to the HAD class I subfamily, which has a small cap domain between loop 1 and loop 2 (9) . Since the cap domain encloses the active site of the core domain and limits the insertion of the substrate, Enayetallah et al. (12) found that sEH dephosphorylated isoprenoid phosphates, which are precursors of cholesterol biosynthesis and a source of protein isoprenylation. It has also shown that, in sEH knockout mice, the plasma cholesterol level is decreased compared with that in wild-type mice (13) . The details of the phosphatase activity of sEH on endogenous substrates remain unknown.
Previously we have shown that the knockdown of sEH in Hep3B cells promoted cell growth and increased the level of vascular endothelial growth factor (VEGF), and overexpression of sEH decreased them both (14) . Furthermore, overexpression of a sEH mutant lacking the phosphatase activity did not have these effects, indicating that the phosphatase activity of sEH is involved in these events.
So the substrates for the phosphatase activity of sEH may be lipid signaling molecules which activate the growth of cells (15) .
Phospholipids are components of the cell membrane, and generate a variety of bioactive lipid molecules which play critical roles in cell signaling and control the growth and survival of cells. In the present study, we explored the substrates for the inhibited the phosphatase activity of sEH. Therefore, we thought that the hydrolyzed products might include substrates for the phosphatase activity of sEH.
Finally we found that lysophosphatidic acids (LPAs) are good substrates of sEH, and also that fatty acids were good inhibitors for the phosphatase activity of sEH.
LPAs are lipid signaling molecules controlling cell proliferation and cell motility through the activation of G-coupled cell-surface LPA receptors (16, 17) . Intracellular LPA can activate internal signaling cascades, activating peroxisome proliferator activated receptor- (PPAR) (18) , and nuclear LPA1 receptors (19) .
In this study, we investigated the phosphatase activity of sEH towards several phospholipids including LPAs. Furthermore we investigated the inhibitory effects of fatty acids on the phosphatase activity of sEH.
Materials and Methods

Materials
Lecithin from Egg Yolk, dodecyl phosphate, sodium laurate, 1-hexadecanol and 4-methylumbelliferyl phosphate were purchased from Wako Pure Chemicals (Osaka, Japan). Palmitoyl-L--lysophosphatidic acid
(1-hexadecanoyl-sn-glycero-3-phosphate) sodium salt was from Doosan Serdary
Reserach Laboratories (Toronto, Canada). Oleoyl L--lysophosphatidic acid
(1-octadecenoyl-sn-glycero-3-phosphate) sodium salt, and (3-phenyl-oxiranyl)-acetic acid cyano-(6-methoxynaphthalen-2-yl)-methyl ester were from Cayman Chemical 
Results
Inhibition of the phosphatase activity of sEH by phospholipids Glycerophospholipids are the major lipid component of most cell membranes. To explore the substrates for the phosphatase activity of sEH, we investigated the inhibitory effect of lecithin from egg yolk and its hydrolyzed products with a synthetic substrate, 4-MUP. Lecithin was heated in a weak alkaline solution to examine the effects of its hydrolyzed products. Although lecithin did not affect the phosphatase activity of sEH, heated lecithin did (Fig.1A) . Hydrolyzed products of lecithin may include LPTC, fatty acids etc. So we used LPTC, which inhibited the sEH phosphatase activity in a dose-dependent manner, suggesting that a structure like a lysophospholipid can bind to the active site of the phosphatase domain of sEH.
Furthermore, heated LPTC also inhibited it, suggesting that hydrolyzed fatty acid can inhibit the phosphatase activity of sEH. Because lipid phosphates can be substrates of phosphatase, p-LPA was used in this assay. p-LPA inhibited the phosphatase activity of sEH, but the dephosphorylated product, palmitoyl glycerol, did not (Fig. 1B) . Palmitic acid also significantly inhibited the activity.
Dephosphorylation of s-LPA by sEH
Since LPA can inhibit the phosphatase activity of sEH, we investigated the dephosphorylation of LPA by sEH. s-LPA was incubated with a recombinant WT sEH or phosphatase mutant sEH in which the catalytic Asp9 was changed to Ala, and detected by UPLC/ESI/MS. The incubation of s-LPA with WT sEH decreased the amount of s-LPA, but not that with the mutant sEH (Fig. S1A) , and the dephosphorylated form of s-LPA, stearoyl glycerol was detected by the incubation with WT sEH (Fig. S1B) . The phosphatase activity of sEH towards s-LPA was also shown to need the micelle formation of Triton X-100 (0.1%-0.3%) with LPAs for its activity (21) . The highest activity of sEH towards s-LPA was observed in 0.02%
Triton X-100, and the increased concentration of Triton-X100 decreased the activity (Fig. 2C) . The critical micelle concentration of this detergent is about 0.015%, suggesting that the micelle is not needed for the activity of sEH and the increased activity of sEH will be due to the increased solubility of LPAs.
Kinetic analysis of phospholipids by sEH
The kinetic parameters of sEH towards several phospholipids were determined (Table 1) . sEH efficiently dephosphorylated LPAs and similar kinetics were The kinetic parameters for p-LPA and s-LPA were also determined by LC-MS (given in parentheses in and their kinetic values could not be determined in this study. The activity towards S1P which is a lysolipid of sphingolipid was also lower than LPAs, suggesting that lyso-glycerophospholipids are selective for the phosphatase activity of sEH. The activity towards GGPP which is an isoprenoid phosphate was also lower than that towards LPAs.
Inhibition of the phosphatase activity of sEH by fatty acids
As described above, hydrolyzed LPTC significantly inhibited the phosphatase activity of sEH, suggesting that fatty acids hydrolyzed from LPTC inhibited it. Next we investigated the effects of fatty acids on the phosphatase activity of sEH towards 4-MUP. Stearic acid (C18), palmitic acid (C16), and lauric acid (C12) significantly inhibited the phosphatase activity of sEH (Fig. 3A) . However, 1-hexadecanol did not affect sEH activity. These results suggest that the carboxyl group of fatty acids was important for the inhibition. These fatty acids, especially palmitic acid and lauric acid, also strongly inhibited the phosphatase activity of the N-terminal domain of sEH (Fig. 3B) . Furthermore, this inhibition was observed in the phosphatase activity with Attophos as a substrate (Fig. 3C) . Next, to negate that the inhibition of fatty acids was due to its detergent effect, we examined the effect of fatty acids in the presence of 0.15% Triton X-100. The effect of palmitic acid was canceled by Triton X-100, suggesting that the interaction of palmitic acid with the micelle of Triton X-100 inhibited its effect (Fig. 3D) .
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Effects of fatty acids on sEH phosphatase activity towards LPA, and on epoxide hydrolase activity Fatty acids significantly inhibited the sEH phosphatase activity towards 4-MUP and Attophos. Next, inhibition of the phosphatase activity of sEH by fatty acids towards LPA was investigated (Fig. 4A) . Palmitic acid slightly inhibited the phosphatase activity of sEH towards s-LPA, and this inhibition was observed towards other acyl LPAs (data not shown). Next we investigated the effects of s-LPA and fatty acids on EH activity (Fig. 4B ). These lipids slightly inhibited the EH activity by about 20%, and the efficiency of the inhibition was almost the same between s-LPA and fatty acids.
Discussion
In the present study, we found LPAs to be good substrates for the phosphatase activity of sEH. Tran et al. (11) produced by secreted autotaxin from lysophosphatidilcholine(28) in extracellular space, and activate G-coupled cell-surface LPA receptors. However recent reports described that within the cells, LPAs are also produced by glycerol 3-phosphate acyltransferanse which is the rate-limiting step in glycerolipid synthesis(29), and interact with intracellular receptors, PPAR and nuclear LPA receptor (18, 19) . This suggests that the possibility of regulation of intracellular LPAs by soluble phosphatases such as sEH.
Previously we found that the phosphatase activity of sEH decreased the expression level of VEGF and cell growth in Hep3B cells (14) . VEGF plays a significant role in tumor development and angiogenesis. Indeed, it has been shown by guest, on October 30, 2017
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to be decreased sEH level in renal and hepatic malignant neoplasm(30). The relation between tumor and LPAs is also reported; in ovary cancer, the levels of LPAs are elevated in malignant effusions of patients(31), and LPAs contribute to the development, progression, and metastasis in ovarian and breast cancer (32, 33) .
Furthermore LPAs induce the expression of VEGF in ovarian or prostate cancer cells, and hepatoma cells (34, 35) . Our finding and these reports suggest the possibility that sEH contribute to the tumor progression through LPA degradation.
In this study, we found that fatty acids significantly inhibited the phosphatase activity of sEH towards synthetic substrate such as 4-MUP and Attophos. Notably, fatty acids which have shorter acyl chain, palmitic acid and lauric acid, efficiently inhibited the activity. These fatty acids did not affect the activity of alkaline phosphatase towards 4-MUP, indicating that fatty acids do not affect the substrate (data not shown). In this study, 1-hexadecanol which displaced a hydroxyl from a carboxyl group of palmitic acid had no inhibitory effects. However, dodecyl sulfate inhibited them, and dodecyl phosphate did not (data not shown). Tran et al. (11) have reported similar results, and shown that the inhibitory effect of dodecyl sulfate on sEH was allosteric. It has been reported that the binding of fatty acids to PAP1
induced protein aggregation and inhibited its activity (36) . Furthermore fatty acids did not affect LPA dephosphorylation by sEH. We confirmed a direct binding of lauric acid to sEH by pull down assay using CNBr-activated Sepharose coupled with lauric acid, and its binding was prevented in the presence of LPA, but not 4-MUP (data not shown). This result suggests that LPA binds to sEH at the same site with that for binding of lauric acid. We speculate that little effect of fatty acids on the activity towards LPA may be due to a greater affinity of LPA to sEH than fatty The phosphatase activity of sEH was detected by malachite green and the kinetic parameters of sEH for several phospholipids were analyzed. Km and Vmax values of sEH for s-LPA and p-LPA were determined by LC-MS and shown in parentheses.
The kinetic values were calculated using Prism Graphpad enzyme kinetics software.
ND, not detected. 
